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Raman micro-spectroscopy is well suited for studying a variety of properties and has been applied to wide-
ranging areas. Combined with tuneable temperature, Raman spectra can offer even more insights into the
properties of materials. However, previous designs of variable temperature Raman microscopes have made it
extremely challenging to measure samples with low signal levels due to thermal and positional instability as
well as low collection efficiencies. Thus, contemporary Raman microscope has found limited applicability to
probing the subtle physics involved in phase transitions and hysteresis. This paper describes a new design
of a closed-cycle, Raman microscope with full polarization rotation. High collection efficiency, thermal and
mechanical stability are ensured by both deliberate optical, cryogenic, and mechanical design. Measurements
on two samples, Bi2Se3 and V2O3, which are known as challenging due to low thermal conductivities, low
signal levels and/or hysteretic effects, are measured with previously undemonstrated temperature resolution.
PACS numbers: Valid PACS appear here
Keywords: Raman microscope, Cryo Optic, Low vibration, High NA
I. INTRODUCTION
Raman micro-spectroscopy is well suited for study-
ing a variety of properties including chemical, mag-
netic, lattice, thermal, electronic, symmetry, and crystal
orientation.1–13 As such this technique has been applied
to wide-ranging areas including chemistry,14 physics,15
materials science16, and biology17. Many interesting phe-
nomena only emerge at low temperatures18–21, and as
such it is often highly desirable to measure and/or image
a sample below room temperature. In addition, the tem-
perature dependence of Raman features often reveals new
information such as the strength of phonon anharmonic-
ity crucial for thermal properties.22 For organic sam-
ples, low temperatures can immobilize the material in a
near-native state, revealing much more detailed informa-
tion about the samples and their interaction spectra.23–28
Thus, numerous insights can be gained by measuring the
temperature dependence of the Raman response. Typ-
ically, temperature control requires the use of cumber-
some and expensive cryogenic liquids. For Raman micro-
spectroscopy this can be extremely challenging, due to a
number of factors including the rapidly rising cost of he-
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lium, the low Raman cross sections (typically 10−8 to
10−12)29,30, the requirement of high spatial and spectral
resolution, as well as the need to use low laser power
to prevent heating. This often creates a competing set
of requirements, long integration times, the use of high
numerical aperture (NA) objectives with low working dis-
tances, minimized use of helium, the need to place the
sample in vacuum, and the need to keep the objective
at a fixed location/temperature. To date, this has led
to two different designs of low-temperature Raman mi-
croscopes. The first approach is to place the objective
inside the cooling medium/vacuum, which enables high
NA, but requires cryo-compatible objectives and leads to
strong temperature dependence of the objective’s perfor-
mance as well as its relative alignment with the sample.
The second approach employs an intermediate N.A., long
working distance, glass compensated objective outside
the cryostat. This results in higher mechanical stability
of the objective, but at the cost of the spot size, polariza-
tion and especially the collection efficiency.23 In addition,
one also desires to make systems as automated as pos-
sible to reduce the operational errors and enable higher
temperature resolution. Therefore, there has been an
increasing demand to implement an automated system
with high collection efficiency, thermal and mechanical
stability.
In this article, we describe a new Raman microscope
design, equipped with automated cryogenic temperature,
laser power and polarization control as well as motorized
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imaging functions. Temperature changes in our system
are based on an automated closed-cycle Cryostation, de-
signed and manufactured by Montana Instruments Inc.
For Raman excitation and collection, a Cryo Optic mod-
ule was employed, comprising a 100X, 0.9NA micro-
scope objective, installed inside the Cryostation and kept
at a constant temperature by a proportional-integral-
derivative (PID) control loop. An agile temperature sam-
ple mount was designed and installed, ensuring fast ther-
mal response (less than 5 minutes from 4 K to 350 K)
as well as excellent Cryostation platform mechanical (5
nm) and thermal (mKs) stability. In addition to the small
spot size and excellent collection efficiency this enables
the improved collimation by the objective, which pro-
vides excellent spectral resolution, stability, and Rayleigh
rejection with Notch filters (allowing signals down to 30
cm−1). Moreover, nearly perfect polarization response
can be measured at any in-plane angle using a Fresnel
rhomb. These combined features produce much more
reliable measurements with long integration times and
continuous experiments lasting multiple weeks without
the need for human intervention. This opens the door to
widespread use of cryogenic Raman microscopy to probe
nano-materials with low thermal conductivities and very
weak Raman responses.
II. OPERATING PRINCIPLES
Raman scattering or the Raman effect is the inelastic
scattering of a photon. The energy difference between the
incoming and outgoing photons corresponds to an excita-
tion energy within the measured materials, enabling the
use of a single wavelength light source to probe multi-
ple excitations of a material. The basic components of
a Raman microscope comprise a continuous wave laser,
optical components to guide and focus the beam onto the
sample, a laser filter, and a detector. After illuminating
a sample, the elastic Rayleigh as well as Raman scattered
light is collected by the same objective in the backscat-
tering configuration.31 Usually, the collected light must
pass through a set of filters before entering a spectrom-
eter because of the very small scattering cross-section of
the Raman processes.32
In Raman experiments, one often employs group the-
ory to determine the symmetry of the mode measured.
Specifically, the mode intensity is given by a Raman ten-
sor (R) and the polarization of the incoming (~ei) and
outgoing (~eo) light. Indeed, the crystallographic axes are
the bases of R and the intensity is given by:
IR = |~eo ·R · ~ei
T | (1)
Therefore by measuring the Raman response for vari-
ous configurations of ~ei,o as well as at different angles
with respect to the sample, one can gain insights into
the symmetry of the excitations and determine the crys-
tallographic orientation.7
III. INSTRUMENTATION
A. Optical design
We now describe in detail the overall design and layout
of our Raman cryo-microscope system, which is shown in
in FIG. 1). Our Raman setup starts with a laser source
(the laser beam is shown by the red beams in FIG. 1).
To achieve high spatial and spectral resolution, a Laser
Quantum Torus 532 nm laser with a GHz-bandwidth was
used for the excitation. A true zero-order half waveplate
(HW1) mounted on a motorized universal rotator and a
cubic polarizer (P1) were placed after the laser. Since
the rotation of the half waveplate will induce a change in
the polarization of the laser, the laser power after P1 can
be effectively adjusted by rotating HW1, while maintain-
ing the same polarization at the sample. In addition, the
thinness of HW1 minimizes changes in the direction of
the laser beampath upon changing the power. A second
true zero-order half waveplate (HW2) was placed after
P1, such that the measurement configuration could be
switched between collinear (XX) and crossed (XY) po-
larizations. Following the optical path and several silver
mirrors (M), the laser was directed to a diffractive 90/10
beamsplitter (DBS) from Ondax Inc, reflecting 90 % of
the excitation source, and rejecting 90% of Rayleigh scat-
tered light after exciting the sample. The laser is then
guided towards a Montana Instruments Cryostation. Be-
fore entering the Cryostation, the laser passes a double
Fresnel Rhomb (Standa Inc., 14FR2-VIS-M27), which ef-
fectively acts as a broad-band half waveplate.
After exciting the sample, Raman scattered light
(shown in the blue beam in FIG. 1, see details in the
caption of FIG. 1 about the shared beampath) is col-
lected by the objective inside the Cryostation and follows
the incoming path. The Raman scattered light passes
through the Fresnel Rhomb and the analyzer (P2) after
the 90/10 beamsplitter, as shown in FIG.2. As mentioned
above, the selection rules provide symmetry information
about the excitation as well as the crystallographic axes.
However, to achieve this without the Fresnel Rhomb,
one would have to rotate the sample, resulting in the
loss of focus, lateral displacement of the beam with re-
spect to the sample, and adding more complexity to
the setup. Another method would be to simultaneously
rotate components HW2 and P2 (Analyzer/polarizer).
However, the diffraction grating in the spectrometer is
most efficient for a fixed polarization (s-polarization, de-
tailed discussion will be given in Sec. IV). Thus, ro-
tating P2 would inadvertently affect the signal, even for
an isotropic Raman tensor. The optimal result can be
achieved by a double-loop search method. Basically, one
can rotate HW2 by a small amount θ ≈ 5o, then ro-
tate P2 while monitoring the signal level of the Rayleigh
scattered lights to find the maximum counts, repeating
until the counts are optimized. By introducing the Fres-
nel Rhomb, one can fix P2 to optimize the efficiency of
the spectrometer, manipulate HW2 to change from cross
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FIG. 1: Model of our Raman cryo-microscope. The optical breadboard and the supporting frame are hidden for
clarity. Laser and collected Raman signals are shown by the red and blue beams respectively. The shared beampath
between the two are shown in purple. Components used to image the sample with white light are denoted in red.
The illumination and reflected imaging paths are shown by the green and gold beams. The shared beampath
between the two are shown in brown and the one shared with the four is shown in light gray. Abbreviations refer to
the following: half waveplate (HW), Mirror (M), polarizer (P), stepper motor (SM), cubic beam splitter (CBS),
Fresnel rhomb(FR), diffractive beam splitter (DBS), beam splitter (BS), condenser (CDS) white light (WL), fiber
coupler (FC), diffractive notch filter (DNF), achromatic lens (AL).
to co-polarized configuration and use the Fresnel Rhomb
to effectively rotate the sample’s crystallographic axes
about the fixed axes of the optical system.
To reject Rayleigh scattered light, and to reach a cut-
off energy of 30 cm−1, two Ondax SureBlock volume
holographic Bragg grating based diffractive notch filters
(DNF) were placed after the analyzer. Using a notch
filter as opposed to commonly used edge filters also al-
lows both Stokes and anti-Stokes Raman signals to be
recorded, which is a useful indicator to test local heating
of the sample.36 These two filters plus DBS result in OD 8
attenuation to the Rayleigh scattered light. Finally, the
Raman scattered light is directed to a Sine-drive spec-
trometer module equipped with an ultra-high resolution
2400 grooves/mm holographic grating. Prior to entering
the spectrometer the light passes through an external me-
chanical slit mounted on a 3-axis translation stage. This
allows for maximum resolution and collection efficiency
by positioning the slit at the focal point of the first lens
inside the spectrometer. To reduce chromatic and spher-
ical aberration effects, anti-reflection coated achromatic
doublet lens (AL) with focal length of 50mm (Thorlabs,
Inc. AC254-050-A-ML) was used to focus the light onto
the slit. Ultimately, the diffracted light is detected by an
Andor iDus back illumination spectroscopy CCD. The
detector operates in sub-image bin mode and at the low-
est rate ADC (analog-digital-conversion) channel to re-
duce the noise level.
To bring samples into focus during measurements, and
for finding features and/or micron sized samples on a
substrate, imaging the sample is necessary. To get more
repeatable images, our Raman microscope is equipped
with computer controlled white light illumination and
imaging capabilities (all parts denoted in red in FIG. 1).
Illumination lights (shown by the green beam in FIG .1)
are delivered using a multi-mode fibre through a fiber
coupler (FC) to a condenser (CDS) and then reflected by
a beamsplitter (BS) towards a cubic beamsplitter (CBS).
A home-built motorized long range translation stage was
used to move the CBS in/out of (shown by the transpar-
ent and opaque CBS respectively, in FIG . 1) the beam-
path for imaging (Raman signal collection). The CBS
Low Vibration high NA automated variable temperature Raman microscope 4
HW1
P2
Sample
O
FR
DBS
FIG. 2: The light is total internal reflected four times
and each time the relative phase shift π/4 between the s
and p polarizations is added for a total π phase. Thus,
rotating the polarization of incoming laser(shown in
red) can be achieved through the rotation of λ/2
Fresnel rhomb (FR). The blue lines are both Raman
scattered lights and Rayleigh scattered lights. Half
waveplate (HW2), Analyzer (P2), 90/10 Beam splitter
(DBS), Objective (O).7,33–35 For clarity, the guiding
mirrors between HW2 and DBS are omitted here.
was fixed on a linear ball bearing carrier. A NEMA 17
stepper motor (SM) coupled with a 1/4-20 acme threaded
shaft was used for the translation of the linear ball bear-
ing carrier. The motion of the motor was controlled by a
computer interfaced Arduino UNO microcontroller and a
motor shield. Two microswitches connected to the UNO
were used as stoppers for the carrier. When the CBS is
moved into the beampath, the illumination lights share
the same beampath as the laser and is directed onto sam-
ples. After illumination, the reflected light followed the
incoming path to the CBS, then is transmitted (shown
by the gold beam in FIG. 1) through the BS and ulti-
mately directed by a mirror (M) through a lens with 15
cm focal length to form an image on a Thorlabs CMOS
camera (CMOS).
B. Cryogenic and Mechanical Design
1. Cryostat with Cryo Optic
To focus the excitation source on our sample, and col-
lect (anti-) Stokes shifted radiation, we used a modified
100X, 0.90 NA Zeiss objective with a working distance of
FIG. 3: (a) Cross-section of the Cryo Optic module
with Zeiss objective inside the Cryostation housing,
highlighting critical components. (b) Bottom view of
the objective housing showing a 1 mm beryllium copper
aperture in detail from the point-of-view of the ATSM
sample platform. The objective housing is thermally
coupled to the 60 K sample radiation shield through a
bolted interface.
310 µm, vented to operate in vacuum. The commercially
available closed cycle Montana Instruments Cryostation
is equipped with a Cryo Optic module that was developed
in collaboration with the Burch group, and designed to
mount the Zeiss objective. The Cryostation includes a
low vibration (<5 nm peak-to-peak) cold platform (<3.5
K) for the sample, and a sample radiation shield (see FIG.
3). The radiation shield reduces radiative thermal loads
on the sample, and serves as a thermal anchor for lag-
ging wires that enter the sample space. Built-in Attocube
101-series xyz nanopositioners handle sample translation
and focusing, providing 5 mm of translation range with
sub-micron resolution. The Cryo Optic module mounts
directly onto the radiation shield (as shown in FIG. 3)
so that the aperture separating the sample and the ob-
jective is cooled to 60 K. Moreover, the direct mechan-
ical coupling of the objective and sample space inside
the vacuum chamber ensure a stable focal plane with re-
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FIG. 4: (a) Heatload map of the Agile Temperature
Sample Mount, installed directly on the Cryostation
platform. (b) 20 Minute thermal cycles of the ATSM
between 4 - 350 K. (c) Pictures of the Agile
Temperature Sample Mount illustrating the sample
platform, the radiation shield and housing, and the
thermometer and heater connectors.
spect to the sample; an important requirement for long
integration times, and difficult to achieve with an objec-
tive mounted outside of the vacuum chamber. This rigid
mechanical connection is pivotal for the high NA objec-
tive, as the depth of focus is inversely proportional to the
square of the NA37. With the 532 nm excitation source,
a spot size of ≈ 1 µm is achieved, as optically observed,
and confirmed by the diameter of holes purposely burned
into Bi2Se3 flakes. The combination of a small spot size,
high NA, and high mechanical stability solves some of
the key challenges in temperature dependent Raman in-
vestigations of novel samples as small crystal size, low
heat capacity, and weak Raman signals require high lat-
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FIG. 5: (a) Positional stability of the Agile Temperature
Sample Mount between 4-350 K. (b) Thermal stability
of the ATSM over 20 minutes per setpoint.
eral and axial resolution as well as low excitation power
and thus long integration times.
A cross-section of the mechanical design of the Cryo
Optic module is shown in FIG. 3. Alignment of the ob-
jective with respect to the 50 µm thick beryllium copper
aperture is achieved by attaching a reference surface to
the bottom of the aperture plane and employing the pre-
viously described white light imaging capabilities of the
system. The threaded copper rings to which the objec-
tive is mounted are rotated until the reference surface is
in focus, and are subsequently locked in place. After in-
stalling the Cryo Optic module onto the radiation shield,
the sample is brought into focus using the nanoposition-
ers described above.
A key feature of the Cryo Optic module is the thermal
isolation of the Zeiss objective and the 60 K aperture.
This allows for a closed loop temperature controlled ob-
jective (kept at 310 ± 0.5 K) while the 60 K aperture
limits the radiative heatload of the objective to a frac-
tion of the Cryostation cooling power at 4 K. Moreover,
with such careful temperature control, the objective and
sample are impervious to typical environmental tempera-
ture fluctuations and the objective’s optical performance
is unaffected by the sample temperature. Hence, drift of
the sample with respect to the objective is limited only
by the thermal contraction and expansion of the Cryosta-
tion base platform, the nanopositioners, and the sample
mount. To further reduce this drift, a sample stage was
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developed by Montana Instruments in collaboration with
the Burch group that can change temperature nearly in-
dependent of the Cryostation platform and the nanopo-
sitioners, which is discussed in Sec. .
2. Agile Temperature Sample Mount
To achieve high mechanical and thermal stability of the
sample platform, an Agile Temperature Sample Mount
(ATSM) was developed and integrated into the Raman
microscope. FIG. 4c shows two pictures of the ATSM,
in which a 500 µm thick copper sample platform is sur-
rounded by a 4 K radiation shield, and is radially sup-
ported just below the platform by G-10 thermal stand-
offs. This platform thickness and support geometry with
rotational symmetry results in minimal drift in the focal
plane of the microscope, and strongly enhances in-plane
positional stability. For minimal error in sample tem-
perature readings, a CERNOX CX-1050-HT is mounted
on the bottom of the platform, thus separated from the
sample by a 500 µm layer of oxygen-free high thermal
conductivity copper (OFHC). Moreover, the sample plat-
form is equipped with closed loop controlled solid state
heating elements (chip resistors in dead-bug configura-
tion) for highly isotropic heat exchange and temperature
control. This allows for precise temperature control over
the sample platform, nearly independent of the Cryosta-
tion base platform, which maintains a temperature be-
tween 3-14 K over the full 4-350 K range of the ATSM.
Hence, while cycling between temperatures, the thermal
stability outside of the ATSM platform is only minimally
affected, reducing thermal drifts within the system’s ra-
diation shield and housing over longer time-scales. As a
result, a comparison of measurements taken before and
after installing the ATSM revealed over an order of mag-
nitude improvement in the time that is required to reach
a stable temperature and position. This was determined
both by temperature readings and producing a focused
image between temperature changes. This is in part due
to the agile temperature response of the stage (as de-
scribed below), and in part due to the rapid thermal
stability of the ATSM and optical train, as the temper-
ature change and thermal expansions/contractions settle
rapidly due to the minimal mass. FIG. 5a illustrates the
positional stability in the xy-plane and along the z-axis,
where z is parallel to the Poynting vector of the laser.
These data were obtained by cooling down an NT-MDT
Scanning Probe Microscope (SPM) calibration grating
(model TGZ3) with a period of 3 µm. Using the closed
loop positioners, a white light image of the grating was
kept in focus and centered on the screen throughout the
cooldown. All required xyz displacements as a function
of temperature were recorded and plotted in FIG. 5a.
Beyond overall stability, one may worry about vibra-
tions caused by the closed-cycle system. This potential
effect on the optical system was minimized by placing
the optics on a separate platform from the Cryostation,
though on the same optical table. The effect on the Ra-
man signal was checked by collecting Raman spectra of a
sample at room temperature with the Cryostation com-
pressor turned on and with it turned off. No significant
difference was observed. Furthermore, the overall design
of the Cryostation and the ATSM minimizes the effects
of vibration on the sample, as was measured using a Lion
Precision CPL490 capacitive displacement sensor. With
the ATSM mounted on top of the positioners stack, and
with the Cryostation compressor running at high power,
the room temperature in-plane (x and y) vibrations did
not exceed 60 nm, and are thus well below the diffraction
limit of our 532 nm excitation source. While vibrations
along the Poynting vector (z-axis) were not measured
with the capacitive displacement sensor, they are unlikely
to exceed the in-plane vibrations as a result of the posi-
tioner stage stack construction. White light imaging of
the above mentioned SPM calibration grating (while the
compressor was running) confirmed that mechanical vi-
brations along z were below the axial resolution of our
system as no defocussing was observed. Vibrations of the
ATSM were also measured in isolation of the positioners,
while mounted directly to the Cryostation platform. In
this arrangement, peak-to-peak vibrations did not exceed
5 nm, and an ATSM platform resonance frequency of 8.2
kHz was found.
The thermal stability of the ATSM platform is shown
in FIG. 5b, where each temperature point was recorded
over a period of 20 minutes. We note that while the
conventionally large sample platform mass passively aids
thermal damping, the low drift geometrical constraints of
the ATSM (and thus it’s low mass) force it to strictly rely
on a finely tuned PID loop for thermal stability, in addi-
tion to the thermal stability of the Cryostation. Indeed,
with the low platform mass of the ATSM, and high ther-
mal conductivity of OFHC copper below 50 K,38 we ob-
served temperature changes dT/dt in excess of 100 K/s at
low temperatures, thus imposing stringent requirements
on the frequency and I/O resolution of the PID control
algorithm. A Lakeshore 335 temperature controller was
used to meet these PID requirements. Our observed de-
cline in thermal stability below 50 K coincides with a
large jump in the thermal conductivity of copper, and
is thus attributed to a sub-optimally tuned temperature
control loop. Nevertheless, thermal stability over the full
temperature range never exceeds 4.5 mK RMS (32 mK
Peak-to-Peak), which easily meets the requirements for
Raman microscopy, even at high temperature resolution,
as shown in section IV.
It is important to note that while the ultimate goal of
the ATSM is positional and thermal stability, its design
also leads to a reduction in sample cooling power com-
pared to the Cryostation base platform. This concern
was addressed by optimizing the thermal standoff of the
ATSM platform so that it can easily withstand typical
radiative heatloads (0.1 mW) of the Raman excitation
source by several orders of magnitude, while maintaining
a low base temperature. FIG. 4a shows a log-log heatload
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map of the ATSM over the full temperature range, em-
phasizing its low temperature cooling power. In addition
to stability, the design of the ATSM also allows for highly
agile temperature control, resulting in minimal time loss
between temperature set-points. To illustrate this agility,
FIG. 4b shows a number of 20 minute thermal cycles be-
tween 4-350 K, stabilizing down to < 5 mK RMS at both
extremes of the cycle.
IV. RAMAN CHARACTERIZATION
To demonstrate the performance of our setup, we mea-
sured two challenging samples, Bi2Se3 and V2O3. They
are of wide interest for applications in thermoelectric
and memristive devices as well as their topological in-
sulating ( Bi2Se3)
39–41 and strongly correlated behavior
(V2O3)
42,43. The first data set was obtained from sin-
gle crystal Bi2Se3 as it is of interest to a wide range
of researchers such as those working in topological insu-
lator, thermoelectric and nano materials. Of particular
interest is the potential for the temperature dependence
of its phonons to unravel the origin of its low thermal
conductivity.22 However the low thermal conductivity
which makes it an excellent thermoelectric, also forces
one to keep the laser power extremely low to avoid lo-
cal heating. Thus, if the collection efficiency is not high
enough, getting a sufficient signal to noise ratio is ex-
tremely challenging. Besides, the Raman response of
Bi2Se3 is well characterized, making it a good sample
to test the capability of our system.6,22,44–47 The sam-
ple was freshly cleaved just before being placed into the
sample chamber. The power of the laser used for the
measurement was 40 µW to avoid the local laser heating
and the laser spot size was 1 µm in diameter. The pri-
mary results are shown in FIG. 6. Each spectra consists
of an average of 5 acquisitions taken for 3 minutes each
and is normalized by the height of the first phonon peak.
We can see there are three phonon peaks visible in the
whole temperature range. They are located at 71.7 cm−1,
131.5 cm−1 and 174.0 cm−1 at 271 K, in agreement with
previous studies.45 To confirm the absence of local laser
heating, we exploit the well known relationship between
the ratio of the Stokes(S) and anti-Stokes(AS) intensity
and the local temperature, given by:36
R(S/AS) ∝ exp(
~ω0
kBT
) (2)
where ω0 is the phonon energy and T the local temper-
ature. Thus we expect a linear relationship between the
sample temperature and the inverse of the log of this ra-
tio. The absence of local heating is indeed demonstrated
in FIG. 7 where we plot the log[R(S/AS)]−1 versus T for
the lowest energy mode (71.7cm−1 ≈ 103 K). This mode
is chosen as it is the most sensitive to the temperature,
nonetheless we find a good quantitative as well as quali-
tative agreement between the measured response and the
prediction of no local heating.
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FIG. 6: Temperature dependent Raman spectra of
Bi2Se3 in XX configuration. Excellent signal to noise is
observed at all temperatures, despite the low Raman
response and thermal conductivity of Bi2Se3
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FIG. 7: Temperature dependence of the inverse of
logarithm ratio of Stokes and anti-Stokes of the first
Bi2Se3 phonon mode, indicating the absence of local
heating.
To further investigate the phonon temperature depen-
dence, the phonon positions and linewidths were auto-
matically extracted from raw spectra using a Matlab
script programmed with a peak-detection function. The
results are shown in FIG.8, where all three phonons are
seen to harden and narrow as temperature decreases.
This behavior matches well that found in a previous, in-
dependent study of a different Bi2Se3 crystal performed
at the National High Magnetic Field Laboratory with
an in-situ microscope objective based on fibre optics (see
FIG.9).44 Comparing both data sets reveals a slight off-
set in phonon frequency, which is remedied by a temper-
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ature independent frequency shift, and can be accounted
for by sample-to-sample variation and/or spectrometer
calibration offset. Despite the use of free-space optics,
random variation in our data set is much smaller than
the results obtained by fibre optics which leads to a more
smooth temperature dependence, confirming the thermal
and mechanical stability of our setup and further improv-
ing the phonon analysis.
FIG. 8: The temperature dependence of Bi2Se3 phonon
shifts and linewidths. The errorbars in the plots are
obtained from the fit (numerical regression algorithm).
We now turn to our measurements of a V2O3 thin film.
This material is of particular interest because under nor-
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FIG. 9: The temperature dependence of the third
phonon of Bi2Se3. The data in red are extracted from
Ref. 44. The data in blue are identical to “Toronto”
data and offset intentionally for comparison.
mal pressure, it undergoes a first-order metal to insulator
transition (MIT) and a structural phase transition.48,49
Although the mechanism for the transition has been
widely investigated using various experimental tech-
niques such as transport, near-field infrared spectroscopy,
ellipsometry, X-Ray, and various ultrafast methods,50–53
the origin of the MIT is still controversial.54 Variable
temperature Raman spectroscopy could provide new in-
sights into the temperature dependence of the volume
fractions of each phase as well as the role of phonon-
phonon interactions. However, due to the low signal
level, nanometer sized domains and narrow temperature
range in which the transition occurs, Raman measure-
ments are very challenging and require very long inte-
gration times. Usually, for measurements like this, one
would have to sacrifice the temperature resolution and
signal to noise ratio for helium cost and thermal drifts.
Furthermore, the transition is first order and occurs via
percolation,55 thus V2O3 exhibits extreme sensitivity to
initial conditions as well as hysteresis, placing strict de-
mands on thermal and positional stability. From this
perspective, V2O3 is an ideal sample to test the over-
all capability of our setup from multiple angles, such as
temperature resolution, collection efficiency, thermal and
mechanical stability.
Temperature dependent Raman measurements were
performed on a 200nm-thick V2O3 film grown on sili-
con. We found excellent reproducibility between contin-
uous thermal cycles measured at the same location on
a V2O3 film over the course of one week. Specifically,
each spectrum is an average of two to four 15 minute
acquisitions with a laser power of 0.2 mW. The temper-
ature resolution was chosen in the following way: below
140 K or above 180 K, the temperature steps were 15
K. In the two ranges of (from 140 K to 150 K and 168
K to 175 K), the temperature step was 2 K. Between
Low Vibration high NA automated variable temperature Raman microscope 9
FIG. 10: Temperature dependence of Raman intensity
of V2O3. The structural phase transition is easily
observed as are the co-existence of the two phases.
150 K and 168 K where the phase transition occurs, the
temperature resolution was 1 K. The results are shown in
FIG. 10. The temperature dependent Raman spectra are
consistent with a structural phase transition as has been
reported previously.54 The metallic phase reveals both a
broad asymmetric peak near 236 cm−1 and a low energy
continuous scattered light by free carriers. The insulat-
ing phase, on the other hand, displays four strong modes
located at 233.9 cm−1, 279.4 cm−1, 324.9 cm−1and 340.4
cm−1 respectively. Interestingly, as expected for a first-
order phase transition, we can also clearly see the co-
existence of both insulating and metallic phases by the
presence of both sets of phonons during the transition
(circled region in FIG. 10). We also found hysteresis of
the phase transition (to be discussed in a future publica-
tion) by a significant difference in the onset temperature
of the transition when warming the sample.
Lastly, we turn to another important characteristic in
Raman spectroscopy; polarization dependence. As men-
tioned in section III A, another capability of our system
is to vary the polarization of incoming photons by intro-
ducing a Fresnel Rhomb. This significantly increases the
collection efficiency compared to the method of rotating
both HW2 and P2. To confirm this, we have measured
the the first phonon mode of Bi2Se3 with and without the
Fresnel Rhomb, since the mode is of Ag symmetry and
has isotropic Raman response. The results are shown in
FIG. 11. To get the loss ratio of Raman signal by in-
troducing the Fresnel Rhomb, we fit the phonon mode
and took the ratio of the obtained amplitude in both
cases. The calculation reveals the transmission efficiency
is about 89 ± 5% which is much larger than the diffrac-
tion efficiency loss when the polarization changes from
s-polarization (80%) to p-polarization (less than 35%) of
the holographic grating.56
To demonstrate the polarization capabilities of the sys-
tem, we performed a measurement on commercial grade
single crystal silicon at room temperature. Single crystal
silicon is of space group Fd3¯m-227. The mode located
at 520cm−1 at room temperature is of T2d symmetry.
57
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FIG. 11: Raman spectra of the first Ag mode of Bi2Se3
taken with (green) and without (blue) the Fresnel
Rhomb.
The Raman tensor of this mode is
RT2d =


0 d 0
d 0 0
0 0 0


Using equation 1, one can show the Raman intensity
should vary as IR = |sin(4φ)|
2, where φ is the polariza-
tion angle relative to the crystal axis in both XX and XY
configuration. The measurement results are obtained at
room temperature. Each spectra was taken under laser
power 0.1 mW with an acquisition time of 20 s. The
raw spectra are shown in FIG. 12. From the figure, we
can see two main features in each spectra, a one-phonon
mode located at 520 cm−1 and a weak two-phonon mode
located from 900 cm−1 to 1000 cm−1. The one phonon
mode varies with the change of polarization angle and
the two-phonon modes barely change, consistent with the
literature.58 To confirm the relation between Raman in-
tensity and polarization angle derived above, the area un-
der the one phonon mode peak was extracted by the same
fitting technique mentioned previously and then was plot-
ted versus the polarization angle in FIG. 13. From the
figure, we can see the agreement between the measure-
ments and the theoretical prediction is excellent.
V. CONCLUSION
We have presented a new design of a temperature-
dependent, closed-cycle, automated, micro-Raman spec-
troscopy system with high collection efficiency, and ex-
cellent temperature and mechanical stability. It enables
long measurement times with very high temperature,
spatial and spectral resolution. The closed-cycle nature
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FIG. 12: Polarization angle dependence of Raman
spectra of silicon in XX configuration. For clarity, only
four spectra are shown. Legend: Polarization angle.
also provides ease of use and minimal operation cost.
Given the automation potential of our setup, functions
such as dynamical tracking of laser power level, auto-
focusing and unattended operation will be developed, in
the future. We have demonstrated a highly efficient, ver-
satile automated micro-Raman cryogenic measurement
platform.
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